Abstract-Effect of methylxanthines (theophylline, theobromine and caffeine) on urinary prostaglandin E (PGE) excretion in male rats was studied. Oral administration of xanthines significantly increased the urinary excretion of PGE. Dose-response studies showed that the maximal excretion of urinary PGE and water was obtained by administration of theophylline (50 mg/kg), where the increase in PGE was about 20 times that of the control. The excretion of urinary sodium, potassium and chloride was also markedly increased by xanthines, particularly, theophylline. Increases in urinary PGE excretion, urine volume and electrolytes excretion were inhibited by 10 mg/kg of indomethacin administered prior to theo phylline. The increase of urinary PGE excretion after theophylline adminis tration (50 mg/kg) preceded increases in water and sodium excretion. These results suggest that renal PGE mediates, at least in part, the diuretic effect of theophylline.
Prostaglandins (PGs) having physiological activity are excreted in the urine of humans (1, 2), dogs (3, 4) , rabbits (5, 6) and rats (7) . The kidney is considered to be the origin of urinary PGs and PGs in the urine reflect the synthesis of these compounds in the kidney and/or the release of PGs from kidney (3, 4) . Renal blood flow, urine volume and sodium excretion are reportedly increased by PGE, the main component of renal PGs, without changes in the glomerular filtration rate (G fR) (8) . With regard to the relation ship between the renal vascular system and PGs, angiotensin (3) and bradykinin (9) con traction or dilate renal vessels and increase excretion of urinary PGE. Also, it has been shown that the excretion of urinary PGs is stimulated by furosemide (1, 5, 10, 11) , ethacrynic acid (10) and spironolactone (12) . These observations suggest that PGs play an important role in the mechanism of diuretic action. Methylxanthines also increase renal blood flow, sodium excretion and urine volume (13) . We attempted to determine whether renal PGs mediate the diuretic action of xanthines.
MATERIALS AND METHODS
Male Wistar rats, weighing 270-300 g were fed standard pellet diet (0.69% K: 0.24% Na) with free access to water. Food was withdrawn 3 hr before the experiment, and the animals were allowed to drink water freely during the test period. Theophylline, theobromine and caffeine suspended in 0.9% NaCI solution were given p.o. each in a volume of 0.5 ml/rat. Indomethacin was suspended in 5% gummi arabicum solution and given p.o. in a dose of 10 mg/kg in a volume of 0.5 ml/rat, 1 hr before adminis tration of the methylxanthines. Each animal was housed individually in a metabolic cage immediately after the administration of the drugs and the total urine out put was collected. Each control animal was given the same volume of 0.9% NaCI or 5% gummi arabicum solution.
The extraction and the assay of PGs from the urine sample were carried out by the method previously reported (7): The urine sample of 5 ml diluted with water was acidified (pH 3) with 1 N-HCI on an ice-cold water bath, and PGs in urine were extracted with 15 ml of ethylether. The ether layer was washed with 5 ml of 0.01 N-HCI and water. The ether layer was evaporated to dryness under N2 gas. The column (0.5 x13 .5 cm) was prepared by suspending the silicic acid in benzene: ethyl acetate (60:40). The extracted PGs were dissolved in 0.5 ml of benzene : ethyl acetate : methanol (60: 40:10) and were applied to the column. PGs from the column were eluted with 15 ml of benzene : ethyl acetate : methanol (60: 40: 10) (PGE fraction), after elution with 4 ml of benzene : ethyl acetate (60:40) (14) . The fraction of PGE was evaporated to dryness under N2 gas, and the activity of PGE was assayed using rat stomach fundus as previously described (7) . This bioassay method enables a quantitation of as little as 50 pg of PG E2 and 150 pg of PG F21.
Urinary sodium and potassium were measured by flame photometry, and chloride by the method of Schales-Schales (15) . Figure 1 shows the relationship between the dose of xanthines and the response to the urinary PGE excretion and the urine volume. The urinary PGE excretion was significantly increased by p.o. administration of xanthines (25, 50 and 100 mg/kg). In the case of theophylline, the urinary PGE excretion reached the maximum with a dose of 50 mg/ kg, and the increase was about 20 times in comparison with the level seen in the controls. On the other hand, theobromine and caffeine caused a dose-dependent in crease of PGE excretion. The increase of the urinary PGE excretion by theobromine Fig. 1 . Relation between dose and response of xanthines on urinary PGE excretion and urine volume in rats. D : control, : theophylline, : theobromine, -may; : caffeine. Drugs were suspended in 0.9% NaCI solution and given in a volume of 0.5 ml/rat p.o. The control rats were given the same volume of 0.9% NaCI solution. The control column represents the mean±S.E. of 19 rats, and each column represents the mean±S.E. of 10 rats. Significant difference from control *p<0.05, **p<0.01, *p<0.001. and caffeine was less than that seen with theophylline.
RESULTS
The urine volume was significantly in creased by theophylline (25, 50 and 100 mg/ kg), and the maximum response was observed with a dose of 50 mg/kg. The maximum increase was approx. 7.4 times over the control levels. Theobromine and caffeine significantly increased the urine volume, when given in doses of 50 and 100 mg/kg.
The relationship between the dose of xanthines and their response to the urinary electrolyte excretion is shown in Fig. 2 .
The urinary electrolyte excretion was significantly increased with the adminis tration of theophylline. In particular, the urinary sodium excretion was enhanced about 9.6-13.5 times as compared with the control levels (potassium: 4.3-5.5 times, chloride: 5.5-7.6 times).
On the other hand, a significant increase of the electrolyte excretion was induced by theobromine and caffeine in doses of 50 and 100 mg/kg. The increase in the urinary electrolyte excretion by theobromine and caffeine was minute compared with the response of theophylline. Figure 3 shows the time course of urinary PGE, the urine volume and the sodium Each column represents the mean±S.E. of 10 rats. excretion at each hour after p.o. adminis tration of theophylline in a dose of 50 mg/kg. The urinary PGE excretion remained markedly increased throughout the observed period after theophylline administration. The urinary PGE excretion was maximum during the 1-2 hr period after theophylline adminis tration. The peak of increase of the urinary PGE excretion preceded the peak of the urine volume and the urinary sodium excretion. The urine volume and the sodium excretion were maximum during the 2-4 hr period after theophylline administration. Figure 4 shows the effect of indomethacin on the urine volume, and the urinary PGE and electrolyte excretion.
The basal urine volume, the urinary PGE and sodium excretion were significantly reduced with p.o. administration of indo methacin (10 mg/kg) while no significant effects were seen on the levels of urinary potassium and chloride. Increase in urine volume, and the urinary PGE and electrolyte excretion induced by theophylline was in hibited considerably by pretreatment with indomethacin, and the values were similar to the levels seen in the control group.
DISCUSSION
We found that xanthines (especially, theophylline) markedly increase the urinary PGE and sodium excretion. It has been reported that the urinary PGE excretion was increased by furosemide in humans (1). rabbits (5) and dogs (10) , by ethacrynic acid in dogs (10) and by spironolactone in humans (12) . This is the first report that xanthines increase excretion of urinary PGE.
Theophylline has potent diuretic action and caffeine has the least such action among the three derivatives used in our study. Theo phylline proved to be the most potent and theobromine and caffeine were equal in the potency. This minor discrepancy may be due to differences in the assay method used to determine the diuretic effects, since many of the studies done by other workers were carried out by loading water or saline. Theophylline was the most potent in in creasing the urinary excretion of PGE, and theobromine and caffeine showed much the same effects (Fig. 1) .
It has been reported that the diuretic action induced by theophylline is due to a direct inhibition on tubular sodium re absorption and its indirect action as a result of an enhancement of the renal blood flow (13) .
On the other hand, PGE2 inhibits sodium transport by its direct action on the epi thelium of the collecting tubules in the rabbit (16, 17) . It has been also reported, that PGE2 inhibits net chloride transport across the medullary thick ascending limb of Henle in rats (18) and rabbits (19) . These results suggest that endogenous PGE2 in kidney may play an important role in the regulation of the urinary electrolyte excretion.
PGE produces vasodilation in the kidney of dogs (20) and rabbits (21) . In rat kidney, however, PGE2 increases the renal vascular resistance (22, 23) and enhances vaso constriction (21) . On the other hand, there have been reports on the physiological roles of the renal PGs in promoting the renal sodium and chloride excretion in rats (18, (24) (25) (26) . The possibility that the inhibition in tubular sodium reabsorption affects the diuretic action by PGE more strongly than do changes in intrarenal hemodynamics was suggested.
Therefore, from our present results it may be concluded that theophylline inhibits sodium reabsorption in the renal tubules following increases in PGE. There are also some reports that PGE inhibits the action of antidiuretic hormone (ADH) (27, 28) . Accordingly, it is also considered that anti-ADH action of PGE may partly contri bute to the diuretic action induced by theophylline.
Since the action of theophylline was confirmed to be the most potent at a dose of 50 mg/kg, subsequent experiments were done using this dose of theophylline. In the experiment of the time course after theo phylline administration (Fig. 3) , the peak of urinary PGE excretion was observed prior to that of the sodium and urine volume. The maximum excretion of PGE occurred during the 1-2 hr period after theophylline adminis tration. Recently, Hendeles et al. reported that serum theophylline concentration reached the maximum at 2 hr after p.o. administration of theophylline to humans (29) .
Moreover, Olsen has reported that clonidine-induced water diuresis was preceded by an increased urinary PGE excretion in dog (30) . On the other hand, Kirschenbaum and Serros have recently reported that the excretion of PGE may be dependent on the rate of the urine flow (31) . Therefore, there are at least two possible explanations for the increase of urinary PGE excretion induced by theophylline adminis tration. One possibility is that the increased urinary PGE excretion rate is associated with increases in the urine flow rate, as induced by theophylline. Another possibility is that theophylline may increase urinary PGE by stimulating the intrarenal PGE synthesis and/or release. However, our observation that the peak of urinary PGE excretion preceded the diuresis favours the latter possibility. Accordingly, these observations suggest, that renal PGE may play an important role in the diuretic action of theophylline. Indomethacin, an inhibitor of cyclo oxygenase was used to examine the role of PGs production in the mechanism of the diuretic action of theophylline (Fig. 4) . The basal urinary PGE excretion, the urine volume and the sodium excretion were reduced by oral administration of indome thacin. Increase in urinary PGE excretion, the urine volume and the sodium excretion elicited by theophylline (50 mg/kg) were also inhibited by indomethacin, thereby revealing the close relation between renal PGs and the theophylline action.
Our results strongly suggest that renal PGE participates in appearance of diuretic action of theophylline in the rat kidney.
